R245 medium is predominantly used in high-speed permanent magnet machines (HSPMMs) for waste heat power generation, owing to its low boiling point. However, this results in high friction loss and rotor cooling difficulty due to its high temperature and high mass density. Therefore, this paper focuses on the study of friction loss and temperature characteristics under high temperature and high-mass-density cooling media. First, the power losses are simulated by the corresponding finite element model (FEM), in which the friction losses to air and R245 medium are compared using a computational fluid dynamics (CFD) model. In addition, the temperature characteristics with air and R245 cooling media are compared by fluid-thermal coupling analysis. Finally, a prototype with an output power of 400 kW and rotation speed of 10 000 rpm is fabricated, and the loss and temperature characteristics are tested to validate the effectiveness of the HSPMM analysis.
I. INTRODUCTION
In recent years, owing to increasing demand for high power density, high efficiency, and direct drive, high-speed permanent magnet machines (HSPMMs) have been widely used in applications such as compressors, gas turbines, distributed power generation, and flywheels [1] - [3] . However, in the design of HSPMMs, permanent magnets (PMs) are likely to suffer from irreversible demagnetization [4] , [5] , and carbon fibers are hot-rolled at high temperature [6] . Therefore, maintaining a low temperature is critical for the stable operation of HSPMMs [7] , [8] . Besides, to solve the limitations of high speed bearings, bearingless permanent magnet synchronous motor (BPMSM) is also a type of emerging high speed machine. The performance of BPMSM has been studied in The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun. detail in [9] . However, since the BPMSM would increase the complexity of the motor design, conventional permanent magnet synchronous machine is still widely used in high speed applications. In order to obtain a reasonable design structure, such as permanent magnets, rotor dimensions, etc., some optimization methods are employed for conventional permanent magnet motors in [10] - [12] .
For HSPMMs used in waste heat power generation systems, as shown in Figure 1 , in order to improve the conversion efficiency of waste heat power, the pentafluoro propane R245 medium is usually adopted owing to its low boiling point of 27 • C. As seen from Figure 1 , through the heat exchange between the low-temperature R245 and hightemperature waste heat resources, such as air and water with temperature 120 • C at high pressure, the temperature of the liquid R245 increases from 20 to 80 • C, and its state becomes gaseous. The high-temperature R245 then drives an impeller, which is connected to the rotor of a HSPMM. Upon driving the impeller, the energy of the medium is released, causing its temperature to decrease by approximately 20 • C. The temperature of the medium after the impeller is still as high as 60 • C or more. In order to reduce the rotor temperature, a ventilation duct is usually provided in the stator slot [13] , [14] . However, in order to avoid contamination of the R245 medium, other gaseous media cannot be used as a cooling medium in the waste heat power generation system. Therefore, the hightemperature R245 medium must act as a cooling medium in order to reduce the rotor temperature, which makes it difficult to dissipate heat from the HSPMM [15] .
Moreover, power loss, such as core loss [16] , friction loss, can be significantly increased due to high frequency and speed. The friction loss between the rotor and the medium is the largest proportion of the rotor loss [17] and it increases significantly with increasing rotor speed and mass density of the medium [18] .
Unfortunately, the mass density of R245 under high pressure is as high as 10 kg/m 3 , which is approximately 10 times that of air. Therefore, when this type of medium is used as the cooling medium, the friction loss would be greatly increased compared to the use of air, which would further increase the difficulty of heat dissipation from the HSPMM.
Such a huge friction loss and high temperature greatly affect the heat dissipation of the HSPMM [19] . Therefore, the friction loss and thermal characteristics with a medium of high mass density and high temperature must be analyzed to avoid overheating of the rotor. The friction losses of the rotor surface and magnetic bearing under air-cooling are analyzed by using the analytical method in [20] , but the calculation of the friction loss is mostly an empirical formula, and complicated problems are difficult to consider [21] , which would result in a larger error with a real-world system.
Besides, in the current literature, the temperature analyses of HSPMMs are mostly based on air-cooling with low temperature [22] - [24] . It is clear that for HSPMMs used in waste heat power generation, a cooling medium with high temperature and density would present greater challenges to heat dissipation. Moreover, research on the heat transfer characteristics of HSPMMs with such cooling media is lacking in the current literature. Therefore, this study addresses these challenges of friction loss and thermal characteristics of HSPMMs using a high temperature and density cooling medium for waste heat power generation applications.
In this study, a 400 kW, 10 000 rpm HSPMM is designed for the application of waste heat recovery. The power losses under full load operation are simulated by the twodimensional (2D) finite element models. In order to obtain accurate friction loss by considering complex factors, the corresponding computational fluid dynamics (CFD) models with and without an active magnetic bearing (AMB) are developed. By the models, the friction losses with air and R245 cooling media are compared. In addition, to study the temperature characteristics of HSPMM under the high-temperature and high-mass-density cooling media, the temperature distributions with the air and R245 cooling media are obtained by fluid-thermal coupling analysis. A prototype is fabricated and experimental tests with air and the R245 medium are carried out. The measurement and calculated values of the electromagnetic characteristics, power losses, and temperature characteristics are compared in detail, which have validated the effectiveness of the analysis.
II. POWER LOSSES ANALYSIS
In this study, a 400 kW, 10 000 rpm HSPMM with a surface-mounted SmCo PM has been designed. The machine has a four-pole structure and 48-slot stator with a distributed form-wound winding. A carbon fiber sleeve is used in order to improve the rotor strength. The stator core is composed of 0.35-mm laminations of low-loss steel. The cooling path is set in the stator slot and housing to improve the thermal transfer of the machine. The main specifications and designed structure are shown in Table 1 and Figure 2 . 
A. IRON LOSS
From the classic Bertotti loss separation model, the iron loss under sinusoidal flux conditions can be computed by [25] 
where P h , P c , and P e denote the hysteresis loss, eddy current loss, and excessive loss, respectivel; K h , K c , and K e the corresponding coefficients; f the fundamental frequency of the magnetic field; and B m the flux density amplitude. The magnetic flux field distribution at full load is obtained by the FEM in Ansys-Maxwell as shown in Figure 3 . At full load, the HSPMM is operated as a generator with an output power of 400 kW and a rotational speed of 10 000 rpm. It can be seen from Figure 3 , the low flux density in stator core is designed to reduce the iron loss at high frequency.
The loss coefficients can be obtained by the core loss per kilogram of core mass at different frequencies provided by the manufacturer, where k h = 0.019, α = 1.83, k c = 4.5 × 10 −5 and k e = 7.6 × 10 −6 . Based on the above analysis, the iron loss at the rated speed can be obtained as 7 592 W. At the same times, the iron loss of rotor core is less than 30 W, which is much less than the iron loss of the stator core, so it is ignored in the calculation of iron loss.
B. COPPER LOSS
For form-wound windings, the skin and proximity effects at high frequency greatly increase the winding loss. To consider such effects, the model of each conductor is established by eddy current field simulation in Ansys-Maxwell. In the design, 48 wires of width 5 mm and thickness 1.2 mm are used per slot. The proximity and skin effect at the rated frequency are shown in Figure 4 , where it can be seen that the skin and proximity effects become more obvious. The AC winding loss at the rated frequency can be obtained as 2 764 W, and the DC copper loss is 1 658 W. It is clear, for the designed HSPMM, its skin and proximity effects are very obvious, which accounts for 40% of AC copper loss.
C. ROTOR EDDY CURRENT LOSS
The rotor eddy current loss has a significant influence on the rotor temperature and it can be calculated by the 2D time-stepping finite element method (FEM) in Ansys Maxwell. In this work, the conductivity of the carbon fiber, PM and rotor core are 2 × 10 4 , 6.29 × 10 5 and 2 × 10 6 S/m, respectively. The eddy current density of the rotor under rated operation is shown in Figure 5 . The rotor eddy current loss under rated operation can be obtained as 642 W. 
D. FRICTION LOSS
The friction loss is usually calculated by the following empirical equation [21] :
where K is the roughness coefficient, with a value of 1.0 for smooth surfaces and 2.5 for axially slotted surfaces, ρ is the air density, L a is the stack length, r is the rotor radius, C f is the friction coefficient of air, and ω is the angular speed of the rotor. The thrust collar of an axial active magnetic bearing (AMB) also has friction losses, which can be expressed by [21] 
where r 1 and r 2 are the inner and outer radii of the thrust, respectively.
According to the law of energy conservation, the friction loss can be obtained by calculating the energy change between the inlet and outlet fluids. Therefore, the FEM-based fluid field is developed. The friction losses with and without an AMB are both calculated in Ansys-CFX when air and R245 are used as the cooling medium. The fluid models with and without an AMB are shown in Figure 6 . Also, the material properties of air and R245 are shown in Table 2 . Furthermore, the density of R245 is approximately 10 times that of air, which causes significant friction losses with R245. The predicted losses by FEM are presented in Figure 8 . The friction loss of the AMB at the rated speed accounts for approximately 45% of the total friction loss. The friction loss with R245 is about 5 times than that with air.
Based on the above analysis, the loss distribution under load operation is summarized as shown in Table 3 . It is obvious that when using R245, the efficiency of the HSPMM is about 2.5% lower than that with air cooling, because of huge friction losses on the rotor surface and AMB. Moreover, for R245 cooling media, the friction loss accounts for about 58% of the total loss, while for air cooling media, it is 21%. Therefore, for HSPMM for waste heat power generation, analyzing the friction loss is critical for machine design and analysis.
III. COOLING SYSTEM AND THERMAL ANALYSIS
The cooling path is set in the stator slot and housing to improve the thermal transfer of the machine. In order to calculate the thermal field more accurately, a fluid-thermal calculation model applied using Ansys-CFX. According to the symmetry of model in the circumferential direction, the model of a pole in the circumference is taken as the solving model. The temperature calculation relies highly on the material properties, which can be found in [25] , as shown in Table 4 . According to the fluid flow and heat transfer in the machine, the corresponding boundary conditions for the temperature field are as follows:
1) The airflow is simulated by a fluid-solid coupled turbulence model, with an inlet velocity of 2.5 m/s, temperatures of 30 and 60 • C for air and R245 cooling media, respectively, and outlet pressure of one atmosphere, which are measured by pt100 and flow rate sensors. 2) Considering the effect of rotor rotation on airflow, the rotor and shaft are given the rotation speed.
3) The stator core, stator windings, sleeve, and PMs are loaded loss density, as shown in Table 5 . 4) The rotor friction loss is simulated by adding a heat flux at the contact surface of the fluid and the sleeve, as shown in Table 5 . 5) To ensure the accuracy, the maximum element size is set to 1 mm and the residual target is set as 1 × 10 −6 . It is well known that there are many factors that affect the temperature distribution of the motor. The effect of the number of ventilation ducts, the size of the air gap and the height of the ventilation duct in stator slot on the temperature distribution is shown in Figure 9 -11. It can be seen that as the number of ventilation ducts increases, the rotor temperature gradually decreases, and when it reaches a certain level, the temperature hardly changes. At the same time, the size of the air gap has a great influence on the temperature, and a large air gap can effectively reduce the temperature of the stator and rotor. The air vent height has little effect on the temperature distribution.
Besides, the temperatures at rated operation with the air and R245 cooling media are compared by fluid-thermal coupling analysis based on a CFD model. Figures 12 and 13 show the temperature field distributions with the air and R245 cooling media. For the air cooling medium, the maximum temperature is 107 • C, which is concentrated in the middle of the winding and the maximum temperature of the rotor is only 83 • C. While the maximum temperature is 100 • C for R245, which is concentrated in the middle of the rotor. Although there is a huge friction loss with the R245 medium, the temperatures are only slightly higher than those with the air. This is because the fluid mass of R245 is far larger than that of air under the same inlet velocity.
IV. EXPERIMENTAL TESTS
Based on the above analysis, a 400 kW, 10 000 rpm HSPMM prototype is fabricated. A carbon fiber retaining sleeve is bandaged on the outer surface of the rotor and the prototype machine is shown in Figure 14 . In order to obtain the loss and temperature characteristics of the prototype, a test platform is also built, as shown in [26] . In order to achieve no-load performance of the HSPMM, the prototype is first driven by an impeller with the air cooling medium. The induced line voltage at the rated speed is obtained by a power analyzer, as show in Figure15 (a) , which is compared with the calculation result. The test result is in good agreement with the calculation.
At the same time, the no-load losses of the speed range from 3 000 to 10 000 rpm are measured for the prototype with air cooling medium and the measured and calculated losses are plotted with respect to speed in Figure 15 (b). With the increase in rotational speed, the calculated loss is slightly lower than the actual test result.
The losses can be separated from the measured total loss at no-load running by the loss separation method provided in [20] . Based on the loss analysis, the separation model can be expressed as follows:
where P t is the measured total loss, P fe the iron loss, P f the friction loss, and P 0 the remaining losses that are independent of the rotational speed. Because 0.35 mm silicon steel sheet is used in this prototype, the measured iron loss per kilogram at different frequencies are provided by the manufacturer, as shown in Figure 16 .
According to the measured iron loss, the relationship between the iron loss and frequency can be obtained as follows:
P fe ∝ f 1.46 (5) where P fe the iron loss and f is the frequency. The relationship between the loss and speed can be obtained by curve fitting [20] :
where k 1 is the friction coefficient, n is the speed and b is the friction loss exponent. According to the friction loss with speed, the value of b for the air or R245 can be obtained as 2.4. The loss separation model can be further expressed as follows [20] :
where k fe is the iron loss coefficient and k f the friction loss coefficient. Based on (7), the friction loss can be obtained from the measured total loss. By the least squares method, the coefficients k fe and k f can be obtained as 1.695 and 0.00264, and P 0 is obtained as 1 094.
Hence, the calculated and measured friction losses are shown as Figure 17 . With the increase in speed, the calculated friction loss is smaller than the measured value, which is because the friction loss obtained by the loss separation model includes the eddy current loss of the rotor. This becomes more obvious at high speed. The variation tendencies of the results are in good agreement.
The thermal characteristics of the prototype at full-load operation are tested. In the test, the prototype is driven as a generator with the R245 cooling medium. The voltage and current values of full-load operation are measured through high-frequency sensors and the stator temperatures are measured by Pt100 resistance temperature detectors installed in the winding ends of the fluid outlet side. In order to improve the temperature test accuracy, the high-precision pt100 sensor is selected. Besides, during the prototype test, when the temperature change of the temperature sensor is less than 1 • C within one hour, the temperature of the HSPMM is considered to be stable.
The measured values of voltage and current is 428 V and 572 A at full load, which are consistent with the rated values. Furthermore, the measured total loss is 26.2 kW, and thus the actual efficiency of the HSPMM can be obtained as 93.8%, which are good agreement with the calculated ones. Besides, the measured winding temperature as 86 • C are very close to the CFD result of 82 • C. Overall, all experimental results are agreeing well with numerical calculations, which have validated the developed numerical models are capable of predicting the HSPMM performance.
V. CONCLUSION
This paper presented a 400 kW, 10 000 rpm HSPMM for waste heat recovery. The friction losses with air and R245 cooling media were analyzed through a corresponding CFD model. The temperatures with the different cooling media were compared by fluid-thermal coupling analysis. A prototype was fabricated and experimental tests with air and R245 medium were carried out. A loss separation method was employed in order to obtain the friction loss of the test. Some key points in this work are summarized as follows:
1) The calculated friction loss is close to the measured value, which shows that a CFD method can yield accurate friction losses by considering complex factors. 2) The friction loss of R245 is approximately six times that of air, owing to its high mass density. Moreover, the friction loss of the AMB accounts for approximately 45% of the total friction loss. 3) Although there is a significant friction loss with the R245 medium, the rotor temperature is only slightly higher than with air. This is because the fluid mass of R245 is larger than that of air under the same inlet velocity. 4) The experimental results, including the electromagnetic and thermal properties, agree well with numerical calculations, which validates the effectiveness of the proposed models.
These conclusions are expected to provide references for the design and analysis of HSPMMs for waste heat power generation or other applications that have high-temperature and high-mass-density cooling media.
